■ INTRODUCTION
The activation of propargylic alcohols is the most general and direct access to allenylidene complexes, which in turn are considered key intermediates in selective catalytic transformations of these molecules.
1,2 Nishibayashi and co-workers have developed a procedure for the ruthenium-catalyzed propargylic substitution of propargylic alcohols with a variety of nucleophiles. 3−5 The proposed mechanism for the catalytic cycle (Scheme 1) involves the formation of a hydroxyvinylidene complex, which is transformed into allenylidene upon spontaneous dehydration. Then, the nucleophile adds to the C γ of the allenylidene ligand, furnishing a new vinylidene species, which rearranges to the corresponding π-alkyne complex. The target substituted alkyne is released, and the active catalyst starts another cycle by coordination of another propargyl alcohol molecule. 1,3,4b The most successful catalyst precursor for this process is the diruthenium(III,III) complex [{Cp*RuCl} 2 (μ-SMe) 2 ]. 3, 4 The main substrates are propargyl alcohols bearing a terminal alkyne group, given the fact that the reaction proceeds via an allenylidene complex. However, slight modifications in the catalyst allow its use with internal alkynes as well. 4a Enantioselective propargylic substitution reactions, with an observed enantiomeric excess in the range 68−94%, have been carried out using the catalyst [{Cp*RuCl} 2 (μ-SR*) 2 ], which incorporates chiral thiolate ligands derived from (R)-1-(1-naphthyl)ethanethiol. 2, 5 Some mononuclear ruthenium complexes, such as [CpRuCl-(COD)], [CpRuCl(PPh 3 ) 2 ], and [Ru(η 3 -2-C 3 H 4 Me)(CO)-(dppf)][SbF 6 ] (dppf = 1,1′-bis(diphenylphosphino)ferrocene), 6, 7 have also been successfully used as catalysts in propargylic substitution reactions. The relevance of ruthenium allenylidene complexes as key intermediates for propargylic substitution reactions has prompted many studies on the reactivity of allenylidene ligands attached to different ruthenium fragments. 8−10 Many of these studies have focused on the factors controlling the selectivity of the addition of nucleophiles to either the C α or C γ of the allenylidene ligand.
11−13 Thus, the electronic and steric properties of the metal fragment and the allenylidene substituents control the regioselectivity. On the other hand, whereas the α-and γ-carbons are electrophilic centers, the β-carbon exhibits a nucleophilic character, and protonation at this position leads to vinyl-carbyne species.
14,15 Our research group has broad experience with the chemistry of allenylidene complexes of ruthenium bearing monodentate, bidentate, and hemilabile phosphine ligands. 13, 15, 16 The electron richness of the metal center is tuned not only by the steric and electronic properties of the phosphine substituents but also by the nature of other supporting ligands such as hydrotris(pyrazolyl)borate (Tp), 16e,17 Cp, 11 -arene)Ru(PR 3 )] + } 21 are more electron poor, and addition of nucleophiles to the allenylidene ligand occurs at the α-carbon, furnishing vinyl-carbene or σ-allenyl complexes.
Although the vast majority of known allenylidene ruthenium complexes contain tertiary phosphines as coligands, there are a number of allenylidene derivatives bearing N-heterocyclic carbene as ancillary ligands, instead of the classical phosphines. 25 shown in Chart 1.
These compounds were prepared as result of the exploration of new synthetic strategies in the development of chemically activated olefin metathesis catalysts (ROMP, RCM), some of them as alternatives to second-generation Grubbs catalysts. 24, 26 We became interested in the study of the reactivity of allenylidene ligands bound to a ruthenium center supported by N-heterocyclic carbene ligands and in the general activation of propargyl alcohols by the Ru-NHC fragment. Following the recent works carried out in our group with TpRu complexes bearing potentially hemilabile picolyl-functionalized N-heterocyclic carbene ligands, 27, 28 and given the scarcity of TpRu derivatives containing monodentate NHC, 29 we focused our attention on TpRu complexes with the chelating bidentate ligand bis(3-methylimidazol-2-ylidene)methane (L). 30 Chelating bis-NHC ligands are expected to yield more stable metal complexes. Additionally, these ligands also provide interesting features that allow for the fine tuning of topological properties such as steric hindrance, bite angle, and fluxional behavior. 31 In the present work we describe the synthesis of TpRu complexes bearing the chelating bidentate NHC ligand bis(3-methylimidazol-2-ylidene)methane and their interaction with alkynols to yield alkoxy-vinylidene or allenylidene derivatives, depending on the nature of the substituents on the propargyl alcohol. The reactivity toward the addition of nucleophiles to the allenylidene ligand attached to the fragment {[TpRu(L)] + } has been studied in detail, and it is compared to that of related systems containing tertiary phosphines as ancillary ligands. A similar synthetic transmetalation procedure has been recently used for the preparation of a series of TpRu complexes bearing picolyl-functionalized N-heterocyclic carbene ligands. 27 Compound 1 is fairly air and moisture stable in the solid state, and it was characterized by IR, NMR, and microanalysis. Its IR spectrum exhibits the characteristic ν(BH) band of the Tp ligand Complex 1 reacts with NaBAr′ 4 (Ar′ = 3,5-bis(trifluoromethyl)-phenyl) in fluorobenzene under N 2 , yielding a brown microcrystalline material which exhibits a strong band at 2153 cm −1 in its IR spectrum, attributable to ν(NN) in a terminal dinitrogen ligand attached to Ru. The 1 H NMR spectrum of this material in CD 2 Cl 2 showed that it consists actually of a mixture of a major product (more than 60%) accompanied by another minor product. Each of the products displays six NMR proton resonances for the Tp ligand and two AB doublet signals corresponding to the respective methylene bridge protons. On standing, the intensities of the signals for the minor product increase, at the expense of the intensities of the resonances for the major product. Recrystallization of the crude product from dichloromethane/petroleum ether afforded greenish gray crystals suitable for X-ray structure analysis. These crystals did not show any ν(NN) band in their IR spectrum, and their 1 H NMR spectrum indicated the presence of a single product: namely, the minor product in the parent reaction. X-ray structure analysis confirmed that this product is the (2) . An ORTEP view of complex 2 is shown in Figure 1 , together with the most relevant bond distances and angles.
The structure of the complex cation can be described as a centrosymmetric arrangement of {[TpRu(L)] + } moieties linked through a dinitrogen molecule. The crystallographic center of symmetry lies in the midpoint of the N−N bond, making the two ruthenium sites equivalent. Each ruthenium adopts a distortedoctahedral geometry. The bis-carbene chelating bite angle C(10)−Ru(1)−C(15) of 79.4(2)°is the lowest value reported for this ligand, which is usually in the range 83.2−87.8°. 30, 33, 34 This is most likely due to the high steric demand imposed by the Tp ligand and the binuclear assembly of the two metal centers. The average dihedral angle between the plane defined by the atoms C(10)−Ru(1)−C(15) and the imidazole rings is 38.36°, much higher than the same angle observed for other pseudooctahedral complexes containing the same ligand L (range 19.7−32.1°). 30, 33, 34 The Ru−C distances for the NHC ligand are 27 as well as with the dimensions of the RuNNRu moiety found in other dinitrogen-bridged complexes of ruthenium. 35, 36 In all cases, the N−N separation is only slightly longer than the bond length of 1.0977 Å found for the free N 2 molecule. 37 We can interpret these results in terms of the formation of the labile terminal dinitrogen complex [TpRu(N 2 )(L)][BAr′ 4 ] (2′) upon chloride abstraction from 1 under dinitrogen using NaBAr′ 4 . The terminal dinitrogen complex 2′ loses N 2 to yield the more stable dinuclear bridging dinitrogen complex 2, as shown in Scheme 2.
We can attribute the observed IR band at 2153 cm −1 to ν(NN) in 2′. As expected, this stretching band is inactive in the IR for the centrosymmetrical binuclear cation 2, but it should be active in Raman. Thus, the Raman spectrum of 2 shows a strong band at 2106 cm −1 attributable to ν(NN) in the bridging dinitrogen ligand. This band is shifted ca. 50 cm −1 to lower wavenumbers, indicative of a slight relaxation of the coordinated NN in comparison with the terminal complex 2′. The values for IR and Raman ν(NN) bands compare well with similar data in the literature for terminal 35, 38 and bridging 27, 35, 36 dinitrogen complexes of ruthenium. It was not possible to obtain 2′ in pure form, as it always contained some amount of the bridging dinitrogen complex 2. However, it is possible to increase the amount of 2 by carrying out the halide abstraction under pressure of dinitrogen (3.6 atm). Under these conditions, 1 H NMR spectroscopy indicates that 2 is present in less than 15%, although its concentration increases steadily with time.
Whereas the terminal dinitrogen ligand in 2′ seems quite labile, the bridging dinitrogen ligand in 2 is more strongly bound to the ruthenium atoms. Thus, 2 reacts with CO in dichloromethane, furnishing the carbonyl complex [TpRu(CO)(L)]- ). 27 Hence, a similar electron richness at the metal center for the fragments {[TpRu(κ 2 C,N-picolylMe I)] + } and {[TpRu(L)] + } can be anticipated. When 2 is stirred under CO for more than 1 h at room temperature, the conversion into 3 is only 67%, and longer reaction times are needed for achieving complete replacement of coordinated dinitrogen. We have studied by NMR spectroscopy the kinetics of substitution of coordinated dinitrogen in 2 by
. We have measured the rate of disappearance of the dinitrogen complex by monitoring the decrease of the intensity of its 1 H NMR resonances for the 3,4-H atoms of the NHC rings as a function of time, using the software of the NMR spectrometer. We determined the values of pseudo-first-order rate constants k obs for the substitution reaction over a range of temperatures ranging from 40 to 75°C. Listings of rate constants can be found in the Supporting Information. At 40°C, the substitution reaction is very slow, with a half-life of ca. 5 h. At higher temperature, the reaction becomes much faster, with half-lives of 23 and 11 min at 60 and 70°C, respectively. Activation parameters were derived from the corresponding Eyring plot (Figure 2) .
From the Eyring plot we have calculated the activation parameters ΔH ⧧ = 22 ± 2 kcal mol −1 and ΔS ⧧ = −9 ± 6 eu for the reaction of substitution of coordinated dinitrogen in 2. From these values, it is possible to determine the value of ΔG ⧧ 298 , which is 25 ± 4 kcal mol −1 . These values are consistent with the observation that the dinitrogen ligand is strongly bound to ruthenium in 2 and requires a significant activation energy for replacing it. ΔG ⧧ 298 is higher than the calculated bond dissociation energies (BDE) of the dinitrogen ligand from ruthenium in terminal Ru(N 2 ) complexes: i.e., 18.8 kcal mol 39 40 However, the determined value compares well with the BDE of 24.9 kcal mol −1 calculated for the bridging dinitrogen ligand in the molybdenum dinitrogen complex [{Mo(N 2 ) 2 (PNP)} 2 (μ-N 2 )] (PNP = 2,6-bis(di-tertbutylphosphinomethyl)pyridine). 41 In this particular case, the high BDE contributes to the synergy between the two molybdenum moieties connected with the bridging dinitrogen ligand, in the context of its catalytic ability for the transformation of molecular dinitrogen into ammonia. 41a The coordinatively unsaturated complex [RuHCl(N 2 )(IMes) 2 ] (IMes = 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene) constitutes another recent example of unusually strong binding of dinitrogen to a ruthenium center. 42 In this case, the terminal N 2 ligand is strongly activated (ν(NN) 2041 cm −1 ), with a calculated ΔG 298 value for N 2 loss of 17.8 kcal mol −1 which is higher than the value calculated for the loss of IMes (14.6 kcal mol −1 ). The strong binding is attributed to the simultaneous presence of a strongly σ donating hydride ligand perpendicular to N 2 and a π donating Cl in a trans position, as well as to the donor properties of the IMes ligands. 42 We have used in the past labile ruthenium dinitrogen complexes as suitable precursors for mechanistic studies on the interaction of half-sandwich phosphine complexes with propargyl alcohols and alkynes.
16b,c However, the dinitrogen complex 2 is remarkably stable and relatively inert toward substitution of the coordinated dinitrogen ligand unless the reactions are carried out at elevated temperatures. Therefore, this material gives results unsuitable for the study of the intermediate species formed in the course of the interaction of propargyl alcohols by the fragment {[TpRu(L)] + }, as was our initial purpose. This prompted us to take a more direct approach and study the products derived directly from the reaction of 1 with propargyl alcohols in the presence of NaBPh 4 as chloride scavenger. These observations suggest that there is a preference for addition of nucleophiles to C γ of the allenylidene ligand in these systems. In this sense, the reactivity of the TpRu allenylidene complexes bearing the bis-NHC ligand L seems similar to that displayed by electron-rich systems such as { The lack of reactivity of the allenylidene complex 6 toward alcohols led us to carry out a more detailed study of its reactivity 7). Single crystals of the solvate 7·CH 2 Cl 2 , suitable for X-ray analysis, were obtained by recrystallization from dichloromethane/petroleum ether. An ORTEP view of the cationic complex in 7 is shown in Figure 3 , together with the most relevant bond distances and angles.
The structure of 7 is distorted octahedral. The bis-carbene chelating bite angle C(10)−Ru(1)−C(15) of 85.2(2)°is within the expected range 83.2−87.8°3 0,33,34 and is not unusually small, as it occurs in the case of the binuclear complex 2. The average dihedral angle between the plane defined by the atoms C(10)− Ru(1)−C(15) and the imidazole rings is 37.50°, still above the average values for the same angle in other complexes containing the same ligand L (range 19.7−32.1°). 30, 33, 34 The Ru−C distances for the NHC ligand of 2.044(5) and 2.010(5) Å are both of the same order and are consistent with Ru−C separations expected for σ bonds. The Ru (1) 11b and is only slightly shorter than the standard value for a nitrogen− aromatic carbon single bond (1.42 Å). The ligand resulting from the addition of pyrazole to the allenylidene fragment can be considered as a diphenyl(pyrazolyl)carbene or alternatively as an azoniabutadienyl derivative, depending on the relative contribution of the resonance structures shown in Chart 3. The X-ray crystal structures of many complexes derived from the addition of amines to the C α of an allenylidene ligand suggest that these compounds are better described as azoniabutadienyl derivatives (structure B), given the observed sequence of bond lengths across the ligands.
11b,13a,c However, this is not the case for 7, which can be better considered a diphenyl(pyrazolyl)-carbene derivative (structure A), as inferred from the Ru(1)− C(19) and C(19)−N(11) bond distances. The pyrazolyl ring and the carbon atoms C(19) and C(20) in 7 fall in a plane which forms an angle of 78°with the plane defined by the atoms C(19), Ru(1), and B(1). With this arrangement, the two imidazolylidene rings of the L ligand and the three pyrazole groups of the Tp ligand become inequivalent. Thus, the dependence of the NMR spectra on the temperature is most likely caused by the existence of restricted rotation around Ru(1)−C(19) due to its doublebond character, with a rather high energy barrier.
It is demonstrated that the allenylidene complex 6 adds pyrazole at the C α atom rather than to the C γ . Other molecules are also capable of attacking the allenylidene ligand in 6 at the C α to yield the corresponding diphenylvinylcarbene species. Thus, 6 reacts with piperidine in dichloromethane, furnishing [TpRu 10). As for 8, these compounds also have inequivalent Tp pyrazole groups and imidazolylidene rings, and their NMR spectra are not temperature dependent. This observation suggests that the barriers to rotation around the RuC bonds are much higher for these compounds in comparison to that for 7, presumably as a result of the higher steric demand of the fragments attached to the C α atom. The analogies in the NMR spectra of compounds 7−10 suggest similar structures for all of them, which are summarized in Scheme 6.
The observed reactivity of the allenylidene complex 6 appears dominated by the addition of nucleophiles to the C α atom of the carbon chain. This pattern of reactivity is more characteristic of systems containing electron-poor metal centers such as {[Cp*Ru( This contradicts previous observations (vide supra), which indicated that the reactivity of 1 toward propargyl alcohols in MeOH was more similar to that of systems containing electron-rich metal centers. Thus, it seems that the actual reactivity pattern of a metal complex toward substituted propargyl alcohols depends strongly on the nature of substituents present at the alcohol, and not only on the steric and electronic properties of the ancillary ligands attached to the metal. Furthermore, complex 6 reacts with KOBu t in acetone, furnishing the neutral σ-alkynyl derivative [TpRuCCC-(CH 2 COCH 3 )Ph 2 (L)] (11), resulting from the addition of the potassium enolate of acetone generated in situ to the C γ of the allenylidene ligand, and not to the C α atom (Scheme 7).
Addition to the C α atom would have led to a σ-allenyl complex. Species of this kind have been observed in the course of the addition of phosphines to the C α of allenylidene complexes.
13c,45
Although complex 11 has not been characterized by X-ray crystallography, its IR and NMR features leave no doubt about its structure. A strong ν(CC) band is observed at 2061 cm −1 in its IR spectrum, which is typical for alkynyl complexes such as [Cp*RuCCC(CH 2 COCH 3 )RPh(dippe)] (R = Ph, H).
15c In the case of formation of a σ-allenyl complex, the IR band for ν(CCC) would have been observed below 1900 cm
These results indicate that, depending on the nature of the nucleophile, the addition to the allenylidene ligand in 6 may occur alternatively at C α (N and S donors) or at C γ (C donors).
■ CONCLUSION
The TpRu moiety supported by the bidentate NHC ligand bis(3-methylimidazol-2-ylidene)methane (L) is capable of binding dinitrogen, furnishing the labile end-on dinitrogen complex 2′, which is readily transformed into the remarkably stable bridging dinitrogen complex 2. Propargyl alcohols also bind to the [TpRu(L)] + fragment, generating reactive intermediate allenylidene complexes which undergo addition of MeOH at the C γ atom to give methoxyvinylidene derivatives. In spite of this chemical behavior, complex 1 is not active for the catalytic propargylic substitution reaction of HCCC(OH)MePh with MeOH to give HCCC(OMe)MePh. It was possible to isolate the allenylidene complex 6, which has shown a rich reactivity toward nucleophiles and protons. In this case, depending upon the nature of the nucleophile, addition may occur either at the C α atom (neutral N-and S-donor molecules) or at the C γ (anionic C-donor nucleophile). The result is the respective formation of diphenylvinylcarbene complexes (compounds 7−10) or the neutral σ-alkynyl derivative 12. The X-ray crystal structure of 7· CH 2 Cl 2 suggests that it can be can be considered a genuine diphenyl(pyrazolyl)carbene derivative. This contrasts sharply with the case of related species derived from the addition of nucleophiles to the C α atom of allenylidene complexes containing tertiary phosphines as auxiliary ligands instead of NHC ligands, which are better described as azoniabutadienyl derivatives. Taken together, these findings indicate that the reactivity patterns of the fragment [TpRu(L)] + toward propargyl alcohols can be considered as intermediate between those characteristic of electron-rich and electron-poor Ru centers as defined in the literature. Hence, the bidentate NHC ligand does not condition the selectivity of nucleophilic additions, which may take place alternatively at the C α or C β atoms depending on the R substituents present on the propargyl alcohol and on the nature of the incoming nucleophiles.
■ EXPERIMENTAL SECTION
All synthetic operations were performed under a dry dinitrogen or argon atmosphere following conventional Schlenk techniques. Tetrahydrofuran, diethyl ether, and petroleum ether (boiling point range 40−60°C) were obtained oxygen-and water-free from a solvent purification apparatus. Acetone, dichloromethane, and toluene were of anhydrous quality and were used as received. All solvents were deoxygenated immediately before use. [TpRuCl(COD)] was prepared according to a recently reported procedure. 46 The imidazolium salt bis(3-methylimidazolium)methane dichloride ([LH 2 ]Cl 2 ) was prepared following suitable adaptations of published procedures. 30 IR spectra were taken in Nujol mulls on a FTIR spectrophotometer. Raman spectra were recorded at the Instituto de Ciencia de Materiales-CSIC on a dispersive Raman microscope equipped with a He−Ne laser (λ 532.14 nm) using a working power of 0.2 mW in order to avoid overheating and alteration of the sample. NMR spectra were taken on a spectrometer operating at 500 MHz ( 1 H frequency). Chemical shifts are given in ppm from SiMe 4 [TpRuCl(L)] (1). A Fisher−Porter vessel was charged with a mixture of bis(3-methylimidazolium)methane dichloride (0.42 g, 2 mmol) and Ag 2 O (0.51 g, 2.2 mmol). It was protected from the light by wrapping with aluminum foil. Then, 1,2-dichloroethane (30 mL) was added, and the mixture was stirred at room temperature for 18 h. After this time, a solution of [TpRuCl(COD)] (0.92 g, 2 mmol) in 1,2-dichloroethane (35 mL) was added. The resulting mixture was stirred for a further 18 h at 130°C. A dark green suspension was obtained. It was filtered through Celite, and the Celite was washed with two portions of dichloromethane. The solvent of the filtered solution was removed in vacuo. The resulting 1.05 g, 1.19 mmol) . The system was deoxygenated and placed under dinitrogen. Deoxygenated fluorobenzene (12 mL) was added. The reactor was then pressurized with 3.6 atm of dinitrogen, and the mixture was stirred at room temperature for 1 h. At the end of this time, the excess pressure was relieved. The resulting yellow-brown suspension was filtered through Celite. The solvent was removed in vacuo, and the residue was triturated with petroleum ether until a brown powder was obtained. It was filtered off, washed with petroleum ether, and dried in vacuo. NMR indicated that this material contains more than 85% of the terminal dinitrogen complex 2, plus a smaller amount (less than 15%) of the bridging dinitrogen complex 2′. For this reason, the content of N determined by microanalysis tends to be lower than expected 3 CN were immersed into a liquid N 2 / ethanol bath, to "freeze" the substitution reaction during transport and handling. The sample was removed from the bath and inserted into the probe of the NMR spectrometer at 298 K. Once shims were adjusted, the probe was warmed to the desired temperature. The NMR temperature controller was previously calibrated against a methanol sample, the reproducibility being ±0.5°C.
1 H NMR spectra were recorded for at least 3 half-lives at regular intervals using the spectrometer software for accurate time control. Peak intensities were analyzed from stacked plots of the 1 H NMR spectra. First-order rate constants were derived from the least-squares best-fit lines of the ln(intensity) versus time plots. The uncertainty in the isomerization rate constants represents 1 standard deviation (±σ) derived from the slope of the best-fit line. Uncertainties in the activation enthalpies and entropies were calculated from the uncertainties in the slope and intercept of the best-fit lines of the Eyring plots.
Crystal Structure Analysis. Crystals of 2 and 7 suitable for X-ray structural determination were mounted on glass fibers and then transferred to a Bruker Smart APEX CCD three-circle diffractometer with a sealed-tube source and graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at the Servicio Central de Ciencia y Tecnologı́a de la Universidad de Cadiz. In each case, four sets of frames were recorded over a hemisphere of the reciprocal space by ω scans with δ(ω) = 0.30°a nd an exposure of 10 s per frame. Correction for absorption was applied by scans of equivalents using the SADABS program. 47 An insignificant crystal decay correction was also applied. The structures of 2 and 7 were solved by Patterson and direct methods, respectively. Both structures were refined on F 2 by full-matrix least squares (SHELX97) 48 by using all unique data. All non-hydrogen atoms were refined anisotropically, except those of a disordered dichloromethane solvate in 7, which was not modeled. The program ORTEP-3 49 was used for plotting. CCDC 1404689−1404690 contain supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data_request/cif.
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